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Abstract
During scratchtesting,the indentergivesrise to a distribution of stressessimilar to that observedin tribocontacts.In this work, rJ.-
sputteredW-C-Co coatingsdepositedfrom sinteredWC + Co (6,10 and 15Wl.% Co) at varioussubstratebiaseswerescratchedand
testedtribologically and themorphology of thedamagedsurfaceswas analysed.The cobalt contentof thecoatingsis themain factor
determiningtheir tribological characteristics.The failure modesobservedon theworn pin-on-disc testedsurfaresareexplainedand
compared with those obtained by scratch testing. In spite of it not being possible to establishquantitative results for the wear
resistanceofW-C-Co coatingsfrom scratchtesting,an estimationcan beperformedbasedon theobservationofthe failuremodesin
thescratchtrack.Thus scratchtestingcan i:>eusedto predictthetribological behaviourof coatedsurfaces.This possibilitycan reduce
thenumberand cost of tribological tests.
1. Introduction
,
One of themostcommonm.ethodsof ir.creasingthe
performanceof wear-resistantcomponentsis to coat
theirsurfacewithhardfilms.Thesecoatingsmustwith-
standappliedloadswithoutlosingtheirintegrity.
Amongthetechniqueswhichpermittheevaluationof
theadhesionof coatingsto substrates,thescratchtest
hasbeenthemostwidelyusedfor thecharacterization
of coatedsamplesdevelopedfor tribologicalapplica-
tions. In this test the adhesionis quantifiedby the
normalload appliedto the indenterwhich leadsto
detachmentof the coating from the substrate.
Nevertheless,differenttypesof failureare frequently
observedon thetracksof thescratches,givingriseto
dilficultyin theunambiguousidentificationof theadhe-
sivefailurewhichdeterminesthecriticalload[1,2].
Duringtribologicaltests,oneof themechanismsusu-
ally referredto in thecoatingfailureis theabrasion
producedby partic1escohesivelyor adhesivelydetached
fromthecoatingandembeddedin theuncoatedsurface
[3-5].In spiteoftheconditionsofcontactbeingdifferent
in thetwotests(normaload,radiusof indentertip vs.
loadperpartic1e,radiusofpartic1es),thecontactstresses
arisingfromtheindenterin a scratchtestandfromthe
embeddedpartic1esin a tribologicaltestshouldbe:very
similar.Thussimilarfailuremodesforcoatingsinscratch
andslidingtribologicaltestswill beexpected,although
thecorrelationsbetweenthenormalloadandtheload
perpartic1erequiredtoproducedetachmentwillbevery
difficultto determine[6-10].
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The mainobjectiveof this researchwas to try to
identifyby meansof a simpie test(scratchtest)those
sampleswhichareworthwhileto be studiedtribologi-
cally. Thus in this study,first the influenceof the
deposition'conditions,particularlythe substratebias
and the chemicalcompositionof the target,on the
typesof failuremodeobservedin scratchand sliding
tribological (pin-on-disc)tests will be presented.
Secondlythesefailuremodeswill be comparedand
correlatedwiththefrictionandwearcoefficientsof the
coatedsamples.
2. Experimentaldetails
2.1.Coatingproduction
ThecoatingsweredepositedbyrJ. magnetronsputter-
ing in an EdwardsESM 100unit with twod. power
suppliesof 1000and 500W linkedto the targetand
TABLE I. Experimentalconditionsof pin-on-disctests
Disc
Pin
Radius of pin hemisphericalend
Roughnessof pin hemisphericalsurface
Sliding speed
Normalload
Running time
Environment
CoatedAISI M2 HSS
UncoatedAISI 1045steel
3mm
0.7-1~m(Ra)
0.5mS-1
4N
100000turns
Air, roomtemperature
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TABLE 2.Characteristicsof W-C-Co filmsasa functionof depositionconditions
Substrate
bias
(V)
A, amorphous;"hardnessdeterminedusing Thomas model [13].
substrateholderrespectively.The targetsweresintered
tungstencarbide(WC)containingdifferentpercentages
of cobalt(6,10and15wt.% Co).M2 (AISI) highspeed
steel(HSS)heattreated(quenchingandtempering)to
850HV 30wasusedassubstrate.
Thefilmswereobtainedin anargonatmosphereata
depositionpressureof 1Pa anda targetpowerdensity
of 6.25W cm-2; thenegativesubstratebiaswasvaried
in the range0-400V. The depositiontimewas that
f
I
I
TABLE 3. Tribological and scratchtest results for W-C-CO films
Scratch DiscSubstrate
bias(V)
Fi/msdepositedfromWC+15%Cotarget
FilmsdepositedfromWC+I0%Co target
Fi/msdepositedfromWC+6%Cotarget
Key: /l, friction coefficient(L';;;0.45,0.45';;;M ,;;;0.7,H ~ 0.7);'I, plani-
metric wear (L';;; 4.5, 4.5';;;M ,;;;6.5; H ~ 6.5); NC, not cracked; T,
tensilecracking; B, buckling.
- ---~ .--.--
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necessaryto obtaina film thicknessof approximately
21lm.
2.2.Coatingcharacterization
Scratchingwascarriedoutin aCSEM-Revetestusing
acontinuousnormalappliedloadin therange0-100N
andunderth~followingstandardconditions:diamond
tip radius R=0.2mm, scratching'.speed dx/dt=
lOmmmin-l, loadingratedl/dt=100Nmin-1. Four
scratcheswereappliedto eachsample.In order'!o
evaluatethe effectof cyclicload applicationsduring
tribologicaltesting,testswerecarriedou~at constant
loadwithmultiplepassagein thesamescratch.
A pin-on-disctribometerwasusedtocharacterizethe
tribologicalbehaviourof coatedM2 (AISI) highspeed
steeldiscsagainstuncoated1045(AISI) carbonsteel
pinswiththecontactconditionsummarizedin Table1.
The testswereperformedcontinuouslyandthewear
measuredat theend of eachtest.The pin wearwas
determinedfrommeasurementof thepin circularwear
scarbyopticalmicroscopy.Thediscwearwasevaluated
by measuringthe areaon recordedprofilesobtained
perpendicularto theslidingdirection.
A load cell incorporatedinto thepin-on-disctester
enablesthe continuousdeterminationof the friction
forceduringeachtest.Theselectedparameterto com-
parethewearresistancewasthetotalplanimetricwear,
i.e.thesumof thetransversalreameasuredon thepin
andon thedisco
The morphologiesof surfacesafterthe'scratchtests
andof thewearsurfaceswereobservedby opticaland
scanningelectronmicroscopy(SEM) and the typeof
coatingfailurewasdetermined.
The use of energy-dispersiveX-ray spectroscopy
(EDXS) permittedthe identificationof detachmentof
the coatingsand the possibleoccurrenceof debris
transferbetweentheelementsof theslidingpair.
Structure Cobaltcontent(at.%) Hardness"
(%W +%Co=100%) (HVd=lOpm)
Targetcobaltcontent(wt.%)
6 10 15 6 lO 15 6 lO 15
-....
A A A 18 26 30 2242 1772 2131
W1C+ A A 12 20 29 3479 2222 2258
WC1-x
W1C+ A A 7 16 26 4106 2297 2063
WCI_x
W1C+ W1C+ A 3 6 21 3950 3242 2453
WCI_x WCI_x
W1C+ W1C+ A 2 6 18 3710 3120, 2550
WC1-x WC1-x
O
-50
-100
I
-200
-400
O NC NC L L
-50 NC NC M L
-100 T NC M L
-200 B+T B+T H M
-400 B+T B+T H H
O NC NC L L
-50 T NC H M
-100 T T M M
-200 B B M H
-400 B B H H
O T NC L L
-50 T T H M
-100 B B M H
-200 B B M H
-400 B B M H
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(a)
(c)
..
(b)
(d) 100 J.IIIl
Fig. 1..Micrographsrelatingtothetribologicaltestingofa W-C-Co coatingwithhighcobaltcontent(26ato% Co):(a)weardebrismorphology
(SEM);(b)pinsurfarecoveredby transferredW-C-Co filmparticles(SEM);(c)X-raymapof tungstenon pinsurfare(SEM);(d)wornsurfare
of coateddisc(optical).
...
3. ResuItsanddiscussion
Table2summarizesthemainresultsonthestructure,
chemicalcompositionand hardnessof the W-C-Co
sputteredcoatings[li, 12].From an analysisof this
tableit ispossibletoconcludethatthecobaltcontentis
themostimportantparametercontributingto theprop-
ertiesof thefilmsand that its percentagein thefilm
dependsonitscontentin thetargetandonthesubstrate
biasusedin thedeposition.Thereareclearlytwogroups
of films,one with high cobaltcontent(greaterthan
16at.%)andtheotherwithlowercobaltcontent,which
presentdifferentcharacteristics.The filmsbelongingto
tilefirstgrouphaveanamorphoustructureandalower
hardnessthan the crystallinecoat.ingsof the second
group.
In aprevioustudy[12]it wasverifiedthatthecobalt
contentin W-C-Co filmsdeterminedtheitfailuremode
whentheyweresubmittedtoscratchtesting.Takinginto
accounthedifferentfailuremodesindicatedbyBurnett
and Rickerby[I], in this work for high cobaltfilms
cohesivefailures (tensilecracking)were observed,
whereaslow cobaltcontentfilmsshowedmain1yadhe-
sivefailuresof thebucklingor chippingtype.
Table3 summarizesall the resultson the tracks
observedin thetribologicaland scratchtestand.the
valuesof thefrictionandwearcoefficientsof thefilms.
An analysisof thistableallowsusto concludethat.the
mainfactordeterminingthewearrateof theW-C-Co
coatingsis crackingof thefilm,particularlywhenit is
of thebucklingtype.In thiscasetheparticlesdetached
fromthecoatingandembeddedin thepin surfacegive
riseto furthercrack,inganddetachment'of thecoating
andconsequentlytq,itsseveredam:ige.' ,
Thepin-on-discresultsandthemorphologicalnalysis
of thewornsurfacesandweardebriscollectedafterthe
testrevealdifferentwearmechanisms.After the first
rotationstherepeatedcontact.ofthepinagainsthedisc
givesrisetoparticledetachmentfromthecoatedsurface;
theseparticlesareformedby a fractureprocesswhich
occursprefere.ltiallyon thecoatingsurfacecloseto the
areasof high defectdensity.Thebehaviourof.these
particlesat theinterfaceof thepair contactdependson
theirhardnessandcobaltcontent,whichin turndeter-
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Fig.2. Micrographsrelatingto thetribolozicaltestingof a W-C-Co
coatingwithlowcobal!content(6aI.% Co):(a)weardebrismorphol-
ogy (SEM); (b) pin surfaceshowing~.inbeddedW-C-Co particles
(SEM);(c)wornsurfaceof coateddisc,(ópÜcal).
. ,minetheirpropensityto conformationandagglomera-
tion undertherolIingactionof thepinoTwo different
behaviourtypeswereobservedas a functionof the
cobaltcontentin thecoatings,althoughat thismoment
it.is notpossibleto conc1udewhethertheinfluenceof
the cobalt is,due only to this or whetherit arises
indirect1yowingto themodificationsof thestructure
andhardnessof thecoatings.
!j~:![~~~;:~:;?},~
~~: j~C\'":~~"~.;',
-- , ,.-
-- -
539
For thefilmswithhighcobaltcontentheweardebris
is presentmainlyin formof rods(Fig.l(a)),revealing
thatthewearmechanismoccursbymicrocutting.These
partic1esadhereto thepinsurface,forminga protective
layeraftersufferingconformationand agglomeration
(Figs.l(b) and(c)).This mechanismgivesriseto a low
wearratein both thepin and'rhêdisc(Fig.l(d))and
low frictioncoefficients.
For harderfilmswithlowercobaltcontenthewear
debrisconsistsof largerpartic1eswithpolyhedralforms
(Fig.2(a)).Owingto theirgreaterhardness,thecompres-
sion producedby thepin contactgivesrise to their
partialembeddingin thepin surfacesinsteadof their
deformation(Fig.2(b)).Theabrasiveactionandmultiple
contactof theprominentpartic1eswiththedisctracks
producemicrocrackingofthecoatingandthecontinuous
formationof weardebris.This severeabrasionprocess
givesrise to high wearratesand frictioncoefficients
(Fig.2(c)).
Comparisonbetweenthefailuremodesobservedon
thewearandscratchtracksof thefilmsshowsthatthey
areverysimilar.Figure3(a)showsdetailsof thewear
surfaceof a high cobaltcontentW-C-Co film after
100000turns.Thereis nosignof crackingasobserved
in thescratchtestonthesamefilp.(Fig.3(b)).For lower
percentagesof cobaltthe cracklngobservedin both
tracks(wearandscratch)canbecohesive(tensilecrack-
ing, Figs. 4(a)and 4(b))or adhesive(bucldingand
chipping),althoughasuperpositionof thesetwofailures
couldalsobeobserved(Figs.5(a)and5(b)).In thisfigure
partic1esdetachedbyachippingprocessarec1ear1yseen,
whichis madeeasyby the interferenceof contiguous
tracks.
Thesimilarityoffailuremodeswasobservedinalmost
alI cases tudied.However,thescratchtestseemsto be
moredestructivethanthepin-on-disctest.
To simulatetheprocessof weardebrisformationby
cycliccontactsoftheembeddedparticbswiththecoated
surfaces,scratchtestswereperformedat constantload
with multiplepassageson thesamescratch.Figure6
showsthesurfacedegradationsobservedafterseveral
consecutivepassagesof the indenterover thecoated
surface.Evaluationof the lateraldeformationof the
trackbydeterminingtheprofilewithasurface-measuring
instrument(Fig.6)alIowsustoconc1udethattheplastic
deformationof thesubstrateincreaseswith increasing
numberof passages,in sucha waythataftera certain
leveIof deformationfilm crackingand'chippingcan
occurwith theconsequentdetachmentof coatingpar-
tic1es.Nevertheless,themultipasscratchtestappliedto
highcobaltcontentfilmsdoesnotgiveriseto anytype
of crackingin the trackof the scratchaftera high
numberof passages(20)evenfor loadsashighas40N
(Fig.7),althoughthehigh lateralplasticdeformation
givesrisetosmalIlateralcracks(Fig.7(c)).Theseresults
..- ".-
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4
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Fig.3. SEM imageshowingthefailuremodeof a W-C-Co coatingwithhighcobaltcontent(30at.%Co)(a)in a pin-on-disctribologicaltest
and(b)in a scratchtesto
(a)
~
sliding dírection (b)
~
scratch direction
Fig.4. SEM imagesshowing the failur~mode of a W-C-Co coating with mediumcobalt content (20ato% Co) (a) in a pin-on-disc tribological
testand (b) in a scratch testo
(a)
~
sliding direction (b)
~
scratch direction
Fig.5. SEM imageshowingthefailuremodeof a W-C-Co coatingwithlowcobaltcontent(6at.%Co) (:1)in a pin-on-disctribologicaltest
and(b)in a scratchtesto
demonstratethat it is alwayspossibleto observethe
characteristicfailuremodeof a coating,whateverthe
load appliedto theindenter,if a sufficientnumberof
passagesareperformedin thesametrack.Thus,aswas
shownabove,similarfailuremodesfor scratchand
slidingtribologicaltestsshouldbeexpected,although
differentformsof theindentertipandappliedloadsare
usedin thett:3tS.
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Fig.6. Opticalmicrographsandtransversalprofilesof thescratchtrackof a W-C-Co coatingwithlowcobaltcontent(3at.%Co) carriedout
undera constantloadof 20N after(a)onepassage,(b)threepassagesand(c)fivepassages.
Thecorrelationbetweenthescratchandtribological
testresultsdoesnot allowus to predictquantitatively
thewearresistanceof a W-C-Co-coatedmaterialby
therealizationof onlya scratchtest.Nevertheless,by
analysingthefailuremodeobservedin thetrackof the
scratch,an estimationof the slid;ng damageof
thecoatingcanbeobtainedevenif thetribologicaltest
is differentfromthepin-on-disctestusedin thiswork.
4. Concludingremarks
ThecobaltcontentofW-C-Co sputteredfilmsdeter-
minestheir structureand hardnessas well as their
responseto scratchandtribologicaltests.Films with
lowcobaltcontentpresentthehighestfrictionandwear
coefficients,whichis attributedto the embeddingof
detachedcoatingparticlesin the pin surface.These
particlesgiverisetocrackingof thecoatingandfurther
detachmentofweardebris..
.. - -
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Thefailuremodesebservedontheworncoatedsurface
wereshownto be verysimilarto thoseobtainedby
scratchtesting.By usingmultipasscratchtestingunder
variousloads,itwaspossibletosimulatethedetachment
ofcoatingparticlesandtoshowtheindependenceof the
load vaiueon the typicalfailuremodeobtainedfor
a coating.
As a final conclusion,analysisof thefailuremodes
observedin thescratchtracksof W-C-Co filmsallows
usto estimatethetribologicalbehaviourof thesecoat-
ings,althoughnoquantitativeresultscanbepredicted.
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